We investigated human alternative protein isoforms of .2600 genes based on full-length cDNA clones and SwissProt. We classified the isoforms and examined their co-occurrence for each gene. Further, we investigated potential relationships between these changes and differential subcellular localization. The two most abundant patterns were the one with different C-terminal regions and the one with an internal insertion, which together account for 43% of the total. Although changes of the N-terminal region are less common than those of the C-terminal region, extension of the C-terminal region is much less common than that of the N-terminal region, probably because of the difficulty of removing stop codons in one isoform. We also found that there are some frequently used combinations of co-occurrence in alternative isoforms. We interpret this as evidence that there is some structural relationship which produces a repertoire of isoformal patterns. Finally, many terminal changes are predicted to cause differential subcellular localization, especially in targeting either peroxisomes or mitochondria. Our study sheds new light on the enrichment of the human proteome through alternative splicing and related events. Our database of alternative protein isoforms is available through the internet.
INTRODUCTION
In higher eukaryotic cells, the repertoire of gene sets coded in their genomes is greatly expanded through transcriptional and post-transcriptional events, such as alternative splicing (1, 2) , alternative promoter usage (3) and alternative polyadenylation (4, 5) . Recent studies have estimated that 40-79% of multiexon human genes produce a set of different mRNAs (6) (7) (8) (9) (10) . Such diversity is regarded as a key concept in explaining how vertebrate cells attain a high functional complexity from a relatively small number of genes. In this variation of alternative isoforms, not only the coding regions but also untranslated regions can be affected.
Alternative isoforms have been implicated to play some role in a number of cellular processes from development (11) to pathology (12) . They are also important in modulating temporal molecular function and spatial subcellular localization (13) (differential subcellular localization; DSL) of gene products. These functional changes are typically caused by insertions and/or deletions of sequence segments corresponding to either functional domains, subcellular sorting signals or transmembrane regions (14) . For example, antigen genes CD-8a and b code two protein isoforms, membrane-bound and secreted ones, respectively, through alternative splicing (15) . In another example, Bfl-1, an apoptotic Bcl-2 family member, codes two alternative protein isoforms, a long form (Bfl-1) and a short form (Bfl-1S), in which their localization is switched between the nucleus and the mitochondrial membrane due to the gain/loss of a nuclear localization signal (NLS) or a transmembrane helix (TMH) by a frameshift (Figure 1 ) (16) .
Although recent studies have revealed the effect of functional domains upon alternative splicing (14, 17, 18) , these mainly were focused on the analysis around alternative splice sites and, to our knowledge, there has been no comprehensive analysis that clarifies the diversity of alternative isoforms in terms of their amino acid sequences. In this study, we constructed a comprehensive dataset of human alternative protein isoforms that are the union of two sequence sets: a set of translated sequences of full-length cDNAs collected by the 'H-Invitational' international project (19) and a set of variant *To whom correspondence should be addressed. Tel: +81 3 5449 5131; Fax: +81 3 5449 5133; Email: knakai@ims.u-tokyo.ac.jp ª The Author 2005. Published by Oxford University Press. All rights reserved.
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MATERIALS AND METHODS

Construction of a large-scale dataset of alternative protein isoforms
We constructed a database of alternative isoforms from two sources: 42 149 human full-length cDNA sequences from the H-Invitational project (19) and 13 745 sequences from the VARSPLIC collection of SwissProt release 41 (20) (21) (22) . For the H-invitational data, we restricted our study to 8553 sequences of 3181 genes showing alternative splicing (AS unique isoforms). This selection was carried out with the combination of a computer program that detects alternative splicing variants and visual inspection by experts in the H-invitational project (19) . The AS unique isoforms set was further screened on the condition that the translated sequences should start from methionine and that there should be at least two isoforms.
From the VARSPLIC collection, we selected human sequences with at least two isoforms: 1487 genes (4133) remained. To remove the redundancy between the two datasets, sequences with >98.0% identity (100% coverage) were detected using the BLASTP program (23) . As a result, we obtained a set of 2624 human genes corresponding to 6876 isoforms.
Recognition method for alternative isoform pattern
We adopted a novel method for classifying protein isoforms. The patterns were defined in two ways: one pattern defined from the pair-wise alignments between the amino acid sequences of isoformal clones (pair-wise statistics) and one defined for each locus (locus-wise statistics). The latter was defined based on the former: we aligned all pairs of isoforms for each locus and assigned a pattern for each pair-wise alignment.
For each pair of clones, a global alignment was constructed using local alignments made with the (ungapped) BLASTP program. To remove the effect of simple sequencing errors, mismatches between amino acid pairs made by 1 nt change were regarded as identical. We defined the aligned segments of identical residues as 'blocks'. The obtained alignments were divided into at most three regions based on the status of the blocks ( Figure 2) ; the N-terminal block, for example, may take one of the three types of states: the 'A(ligned)' state which means the pair shares an identical N-terminal side; the 'I(nsertion)' state which means one of the pair has an N-terminal extension; and the 'M(utually-exclusive)' state which means both sequences have unaligned N-terminal extensions. The states of the C-terminal block are defined in a similar way. The remaining internal region, if it exists, has similar 'A', 'I' and 'M' flags if they have an (identically) matched segment, an inserted segment or an unaligned segment, respectively. Note that the internal region may take these three states simultaneously because this region may be translated from multiple exons. Sometimes, the 'A' state for this region is hard to define because there is no boundary between the state and the terminal block(s). In other words, some simple patterns contain both terminal blocks only and lack internal blocks (e.g. Pattern #1 '__.A__.___.__M'). Therefore, we cannot directly compare the occurrences of types between internal regions and terminal regions.
More specifically, locally identical regions were enumerated as candidates of A-type blocks. These regions were obtained as Figure 1 . Example of differential subcellular localization by alternative protein isoforms. An example of the BFl-1 gene products (16) . In an isoform Bfl-1S, an exon is inserted and the coding region, shown in gray, in the last exon is shortened because of a frame-shift. This causes a loss of the transmembrane helix (TMH) as well as the creation of a nuclear localization signal (NLS) in this variant.
'HSPs' of 'BLASTP' with the unitary scoring matrix and without gaps and filters. We set the minimal length of these HSPs to six residues after several trials (note that this length is not the minimum block length; see Discussion). According to our observation, this value was successful for most cases but there remains some problems for proteins with repetitive sequences, which were handled manually. In the next step, those A-block candidates were extended in both directions by regarding two amino acids that are interchangeable with a single base substitution as identical. This condition was set so that the presence of simple sequencing errors and/or polymorphisms should not strongly affect classification. The remaining regions in each sequence were treated as candidates of I-type blocks. Next, the candidate blocks were aligned with the two sequences. In the case of multiple possibilities, the longer blocks were selected. Two successive I-type blocks across two sequences were interpreted as the M-type. All pair-wise alignments were checked by visual inspection. In the above alignment algorithm, the most important parameter was the initial minimal block size. When we made this value smaller, the average block size tended to become smaller due to the influence of repeats.
There were also significant numbers of identical pairs and totally unaligned pairs at the amino acid level designated as 'F' and 'f', respectively. Thus, each pair is characterized with the combination of 11 flags (Ff.AIM.AIM.AIM) for the flag positions: global appearance, N-terminal region, Internal region and C-terminal region as shown in Table 1 .
RESULTS
Pattern analysis of alternative protein isoforms
As described in Materials and Methods, we constructed a database of alternative protein isoforms that contain 6876 isoforms of 2624 genes (loci). As shown in Figure 2 , the two source databases are quite complementary. There are 2.62 variants per gene on average. The dataset is accessible through the Internet (http://www.jbirc.aist.go.jp/wgi/).
For each gene, each pair of its isoforms was globally aligned and the pattern of their difference was identified. To describe such patterns, we developed a coding method as explained in the Materials and Methods section. Its main idea is to identify the variation from the positions of (un)aligned blocks and their alignment states. Unless a pair of sequences are totally identical or different, which is often the case, there should be at least one aligned region without gaps ('block') as well as one unaligned block. The positions of these blocks are classified into one of the three categories: the N-terminal region, the C-terminal region and the internal region (if any). For each position of the block, one of the following alignment states is assigned: 'aligned' (A-type), 'inserted' (I-type) or 'mutually exclusive' (M-type, indicating that the sequences are totally different within this block) (see Figure 3 ). In total, there are 39 possible patterns of variations, including the cases where two sequences are entirely identical or different. In our dataset, the two most complicated patterns were missing (Table 1) .
In Table 1 , the patterns of variations are listed along with the ascending order of their frequency. The two most abundant patterns, the M-type at the C-terminus (Rank #1: 23%) and the I-type at the internal region (Rank #2: 20%), represent almost half of the total. In our notation, these patterns are represented as '__.A__.___.__M' and '__.A__._I_.A__', respectively (see Materials and Methods). The cumulative ratio amounts to over 80% if we consider the 10 most common patterns (see column 4 of Table 1 ). It is clear that relatively simple patterns occur most frequently. Since the above 'pairwise' statistics tends to exaggerate the effects of genes that have many isoforms, we also counted the number of genes having each of the pair-wise pattern ('locus-wise' statistics; columns 5 and 6 of Table 1 ). In this statistic, the overall tendency remains unchanged though two exceptional patterns ('totally identical' and 'different') are frequent. Column 7 ('Avg') of Table 1 shows the average frequency of each pattern per gene. Patterns #9 (__._I_.AI_.A__), #14 (__._I_.AI_.__M) and #19 (__.A__.AI_._I_) show relatively large average values, reflecting that their occurrences are biased to specific genes. On the other hand, the reason why Pattern #2 occupies the top in the locus-wise statistics is that it occurs in more genes than Pattern #1.
Both the pair-wise and locus-wise frequencies of each alignment state in each position are summarized into a cross table (Figure 3 ). It is evident that the C-terminal region is more variable than the N-terminal region. At the N-terminal region, the I-type and the M-type occur with almost the same frequency. On the other hand, the M-type is much more abundant than the I-type in the C-terminal region. These tendencies are also present in another dataset collected from RefSeq (24) human REVIEWED entries (data not shown).
To see the degree of amino acid changes, we calculated the length distribution of blocks on both terminal regions. The total average length of affected terminal sequences is 147 amino acids (aa), which is 25% of the average entire sequence length (581 aa). If there were some difference between the length distribution of A-type blocks on both sides, it would suggest a bias on the positions of internal changes. However, there was no significant difference between them ( Figure 4a) . As for the difference in the length distribution of M-type blocks, C-terminal blocks are clearly longer (Figure 4b ). In addition, the distributions of the I-type blocks are almost the same on both sides (data not shown). Therefore, since the distributions of the I-type and the M-type are almost the same on the N-terminal region (Figure 4c ), it appears that the extension of C-terminal M-type occurs rather easily.
Though we set the minimum HSP length as six residues in defining the isoform patterns, the length of derived blocks is sometimes very short. For example, there are 153 cases where the C-terminal M-type blocks are only one-residue in length. Such small blocks could easily be caused by sequencing errors, polymorphisms or corrupted data. However, after a more detailed analysis, we found that most, if not all, are not artifacts. In the above 153 cases, 126 overlap a splice site, where a stop codon of the short block is located at the second codon position of the corresponding exon. Another 20 of them were created by so-called intron retention. In these cases also, stop codons were located at the position corresponding to the second position of the in-frame codons. As for the remaining cases, we could not find clear explanations for their creation. Although we admit some possibility of artifacts, we prefer not to set a minimum length threshold to avoid missing such interesting cases. The 'ID' column represents the ID of patterns; 'Rank' is the rank of its pair-wise and locus-wise frequency respectively. '%' is the cumulative ratio of the pattern frequency in the pair-wise statistics. The 'Avg' is the ratio of the two frequency statistics, which corresponds to the redundancy of pattern occurrences in each gene locus. The pattern codes are defined in Materials and Methods.
Classification of alternative protein isoforms
Next, we tried to identify frequent combinations of isoform patterns in genes. For this purpose, we selected the combinations that occur significantly more frequently than expected by chance. The obtained frequent combinations were classified into seven classes rather arbitrarily: (i) internal, (ii) C-terminal, (iii) N-terminal, (iv) bi-terminal, (v) identical, (vi) totally different and (vii) miscellaneous ones ( Table 2 ).
Internal. For over a quarter of the gene set, isoform variation is restricted to the internal region (i.e. their terminal regions are unchanged). The combination of patterns #2 and #5 was the most common in this class, which occurs in most cases (146 out of 182 genes) in which the gene shows Pattern #5; in other words, when there is a variant that has two insertions, the gene is very likely to have another variant with a single insertion, as well. We found that the combination #2-#5-#8-#11 (13 genes) is also frequent.
C-terminal.
The class with changes in the C-terminal region includes a third. A combination of three Patterns #1-#2-#3 appears in 97 genes. About a half (97/182) of the genes having Pattern #3 show this combination. Thus, the occurrence of Pattern #3 is correlated with the occurrences of Patterns #1 and #2. There is another frequent combination #1-#8-#17, in which the internal I-type change is combined with the C-terminal M-type.
N-terminal. In this class of 381 genes (16%), their C-terminal region is constitutive (unchanged). Combinations #2-#4-#16
and #2-#7-#9 are typical variants.
Bi-terminal. A minor fraction (3%) of genes include variants where both of their terminal regions are changed simultaneously.
Identical and totally different. In many cases, genes have a variant with totally identical or different amino acid sequence (Patterns #6 and #15) and do not have other types of variants.
Miscellaneous. The rest (144 genes; 6%) show other miscellaneous combinations. Combinations #1-#4-#12 and #1-#7-#10 are relatively frequent. In most cases, genes in this group seem to have relatively complex gene structures.
In summary, it seems that Patterns #1 (C-terminal M-type) and #2 (internal I-type) work as a seed while Patterns #4 (N-terminal M-type) and #7 (N-terminal I-type) work as additive factors. For example, #1-#4-#12 (38 genes) and #1-#7-#10 (39 genes) contain basic combinations of #1-#4 and #1-#7. Combinations #2-#4-#16 (34 genes) and #2-#7-#9 (37 genes) are also interpreted to be derived from basic combinations, #2-#4 and #2-#7. Except for totally identical or different patterns, all combinations contain either #1 or #2. In addition, we observed that members of the same gene family often belong to one of the above classes. For example, members of the DNA binding Ikaros family, the Plakophilin family and the ELAV Hu-antigen family belong to the 'internal' group (Table 2) ; while members of the SFR splicing factor family, (25), we predicted the gain/loss of N-terminal mitochondrial targeting signals (mTPs) and signal peptides (SPs) with alternative variations. Sixty-three genes (108 pairs) were predicted to show the gain/ loss of mTP while 51 genes were predicted to be unchanged (Table 3) . There is not a significant difference between the frequencies of the I-type and the M-type. It appears contradictory that nine A-type genes are also predicted to show differential localization because mTP resides on the N-terminus of proteins. One possible explanation is that internal I-/M-types are likely to affect the targeting signal when the N-terminal A-type blocks are short (i.e. <15 residues). All pairs that were predicted to be unchanged with respect to mitochondrial localization were either A-type or identical type. When the presence of SPs is predicted by TargetP, 124 genes (214 pairs) were predicted to be affected. The changes were significantly more frequent in the M-type variants than the I-type ones (P < 3.93eÀ3) ( Table 3) .
The peroxisomal targeting signal type 1 (PTS1) is interesting in that it exists on the C-termini of proteins (26) . By using the PTS1 program (26, 27) to predict the presence of this signal, 61 genes (102 pairs) were predicted to be subject to DSL.
In most cases, these changes were predicted on the M-type isoforms (87 pairs for the M-type while 7 pairs for the I-type). No A-type isoforms were predicted to have DSL.
Lastly, the presence of transmembrane helices (TMH) was predicted using the TMHMM program (28) . It was predicted that 27% (=183/667) of transmembrane proteins change the number of transmembrane helices in alternative isoforms. This tendency was also seen in predictions made by the SOSUI program (29) (Table 3) .
DISCUSSION
To our knowledge, this study is the first large-scale analysis of the variation patterns of amino acid sequences in alternative protein isoforms. Since our method uses only the information of amino acid sequences, we could combine two different sources: the H-invitational full-length cDNA annotation (19) and the SwissProt amino acid sequence database (20) . In principle, no information on the genome sequence is necessary in our analysis. By combining two sources of data, we can use the maximal set of obtainable full-length sequences. Moreover, we expect that this will minimize the effect of inherent biases included in each data source. Namely, the SwissProt VARSPLIC is constructed from a compilation of a number of works. Thus, the variants of well-studied proteins are likely to be included more frequently. In contrast, the H-invitational set was obtained from systematic studies but the clones that have the same 5 0 -end sequence as previously determined ones were often discarded. Therefore, it is likely that the variants around their 3 0 ends are less frequently sequenced than those around their 5 0 ends. Nevertheless, we observed an opposite tendency, which suggests that our observation is biologically significant.
We believe that the overall tendency we observed will also hold in the entire human proteome for the following three reasons: (i) The top two patterns occupy the majority in Table 1 ; such a conspicuous tendency is not likely to be reversed. (ii) The same result was obtained when we used the RefSeq-based data in terms of the tendencies we observed (For example, the rank correlation coefficient between the frequency of 36 patterns between these two kinds of data was 0.92). (iii) As discussed earlier, the combined use of two data sources is expected to reduce the effect of their inherent biases.
There are, however, two potential problems: it is possible that some alternative isoforms are stored in separate entries of SwissProt since it is constructed independently of the genome data. We checked the positions on the human genome for each SwissProt entry using the Ensembl database (30) . Seven genes seem to have multiple entries. We leave them in our dataset because many of them do not have further evidence of their origin and besides, they do not significantly affect our conclusions. Another potential problem is that we ignored the cases where a novel isoform appears as the single sequence of a gene in one data source but does not appear in the other. Considering the risk of accidentally merging paralogous sequences, we chose to ignore these sequences. The proteinbased approach implemented in this study is complementary to previous methods that are based on the comparison of messenger alternative splicing patterns. One of the advantages of our analysis is that the changes of structure/function of genes are directly ascribed to their amino acid sequences; it is hard to grasp the entire effect of frame-shifts at the nucleotide level. Structural diversity of alternative protein isoforms is nonrandom. The diversity of alternative protein isoforms seems to be biased in many aspects: pair-wise, only 10 patterns, which are relatively simple in structure, cover over 80% of the total dataset ( Table 1) ; The average frequency of some patterns (e.g. #14, #19 and #9) per gene is very high, which suggests that these patterns occur quite often in a relatively small number of genes (Table 1) ; Variations are disproportionally frequent in the C-terminal region and the nature of the alignment states is also different between the two terminal regions (Figure 3 ; discussed below).
Our result shows that the majority of observed isoform patterns are made from at most a few selection events of alternative promoters, alternative splicing or alternative polyAaddition. Moreover, we found that some isoform patterns are inter-related; that is, some combinations of them are frequently observed in many genes (Table 3) .
Translation mechanism leads to disproportionate variation at the C-terminal side
The C-terminal side turned out to be more variable (Figure 3 ) as well as longer (Figure 4b ) than the N-terminal side. This is plausible because changes in the N-terminal region are more harmful in that these may lead to substantial changes of amino acid sequences due to early frame-shifts. Non-functional isoforms may have been prevented evolutionarily.
It is also notable that the M-type (unaligned blocks) is 10 times more frequent than the I-type (simple extension) in the C-terminal region (Figure 3 ). This also makes sense in light of the fact that the formation of a C-terminal extension without changing the original sequence is difficult because the stop codon must not remain as an internal codon. One way in which such a situation might arise is if a splice junction is located just on or at the upstream neighbor of the stop codon; in such an isoform, the stop codon is not included in the extension.
On the contrary, there is no strong need to remove the start codon in the N-terminal region because it can be used as an internal codon. Thus, this may explain why the frequencies of the I-type and the M-type are almost the same in this region.
Terminal variation and differential localization
We predicted a number of genes that are subject to DSL. These data will be a useful resource for further experimental verification.
Predictive studies suggest that the change of N-terminal regions is often associated with the DSL into mitochondria while that of C-terminal regions is often associated with the DSL into peroxisomes (Table 3) . However, the association was not so strong between N-terminal changes and the gain/ loss of signal peptides, probably because their structure is more insensitive to small sequence changes. Other possible explanations are that the isoformal changes may modulate more subtle fates of proteins because there are several subtypes of signal peptides that the TargetP program cannot discriminate or that signal peptides are only used in the first step of the vesicular sorting system (31).
It is generally assumed that sequence similarity correlates with functional similarity of proteins. Moreover, homologybased methods are regarded as one of the most reliable ways to predict the subcellular localization of proteins. Since our result suggest that there are plenty of genes whose isoform change subcellular localization, we should be more careful when predicting protein function/localization from sequence similarity.
Concluding remarks
Based on two sources, we constructed a large database of protein alternative isoforms that contain over 2600 genes.
The database is open to the public and we hope that it will become a useful resource for exploring the human proteome. The types of isoforms were classified using our new coding scheme of sequence changes. One finding was that there are very few cases of C-terminal extension probably because of the difficulty in removing the stop codon. We also found that there are some co-occurring combinations of isoforms within the same gene. They are likely to reflect the structurally compatible relationships between isoforms. Finally, we present a number of candidate genes that are predicted to change their subcellular localization between their isoforms. This is the first work that characterizes how alternative isoforms enrich the human proteome comprehensively.
